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Abstract

The lack of standardization of bioassays for the evaluation of toxic bait
toxicity on the South American fruit fly, Anastrepha fraterculus
(Weidemann 1830), has led to erroneous interpretations of assay results.
The objective of this study was to develop a methodology for the stan-
dardization and validation of toxicological tests on A. fraterculus toxic bait
using the Success™ 0.02CB formulation (80 mg L™ of spinosad).
Anastrepha fraterculus adults, obtained from larvae reared on an artificial
diet, showed higher susceptibility (LTs, = 48.96 h) than adults from larvae
reared on cattley guava (LTs, = 53.83 h) and mango fruit (LTs, = 53.55 h).
Anastrepha fraterculus adults at the age of five (LT, = 65.30 h), 15 (LT =
59.01 h), and 30 (LTs, = 55.53 h) days presented similar toxicity. The
consumption of toxic bait (4.74 mg) increased at 15 days, a fact also
observed with insects without food deprivation. In addition, the absence
of a food source (artificial diet) with the toxic bait significantly reduced
adult mortality time by 7 h (LTso = 57.42 h). In relation to exposure time,
adults exposed to toxic bait for 1 h reduced consumption by 25%; however,
they showed the same susceptibility as insects exposed to 2 (LT, = 55.72
h), 4 (LT = 57.64 h), and 8 h (LT, = 57.76 h). However, with 24 h of food
deprivation, they had a higher susceptibility (LTs, = 46.48 h). Five-day-old
A. fraterculus adults fed an artificial diet before being deprived of food for
12 or 24 h, then exposed to toxic bait for 4 h in the absence of a food
source, are considered optimum conditions to evaluate the toxicity of
toxic bait.
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Introduction attract-and-kill technique is being researched worldwide as

an alternative insecticide application tool for the control of

The management of Anastrepha fraterculus (Weidemann
1830) (Diptera: Tephritidae), in Brazilian orchards, has mainly
involved the spraying of organophosphorus insecticides
(Raga & Sato 2011; Botton et al 2016). Although this strategy
has been effective for several years, organophosphorus in-
secticides have been restricted in integrated pest manage-
ment (IPM) due to their high toxicity to mammals, longer
pre-harvest interval, and deleterious effect on the natural
enemies of pests (Navarro-Llopis et al 2012). Currently, the
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A. fraterculus (Hafsi et al. 2015).

One attract-and-kill technique involves the use of toxic
bait (Raga and Sato 2005, Harter et al 2015, Borges et al
2015, Schutze et al 2018). Toxic baits are composed of
sugar- and protein-based food attractants mixed with lethal
agents (insecticides) that aim to attract adult insects, induce
ingestion, and promote death (Raga & Galdino 2018). Adult,
particularly female, fruit flies need protein and sugar to fuel
sexual development and reproduction (Raga & Sato 2005).
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In Brazil, sugarcane molasses (a by-product of the sugar
manufacturing process that contains reducing sugars and
non-crystallized sucrose) has been the most commonly used
attractant in toxic bait formulations (Raga et al 2006).
However, its use has caused variability in fruit fly control in
several regions due to the lack of standardization, which has
tended to invalidate this technique for pest management
(Raga et al 2006, Borges et al 2015, Harter et al 2015,
Botton et al 2016). However, advances in research have led
to new formulations of food attractants, such as Biofruit™
(BioControle Métodos de Controle de Pragas Ltda.,
Indaiatuba, Sdo Paulo, Brazil), CeraTrap™ and Flyral™
(Biolbérica S.A., Barcelona, Spain), Isca Samarita™ and
Traditional Samarita™ (Samarita Industria e Comércio Ltda.,
Artur Nogueira, S3o Paulo, Brazil) (Botton et al 2016). In
addition, there are ready-to-use formulations, such as
Success® 0.02CB (the same as the widely used bait GF-120®
NF fruit fly toxic bait) and Gelsura™ (Jang et al 2005).

In literature, there is information on the use of fly adults
from naturally infested fruits in the field (Da Cruz et al 1997)
or of rearing of laboratory from of fruits of papaya (Borges
et al 2015). Similarly, the use of insects with age between 1
and 7 days (Raga & Sato 2005), 1to 3 days (Raga & Sato 2011),
or 30 days (Da Cruz et al 1997). The period of food depriva-
tion prior to the installation of the bioassay was not men-
tioned in the studies (Raga & Sato 2011). However, these
factors may change the susceptibility of insects over time,
as verified for Ceratitis capitata (Wiedemann) (Diptera:
Tephritidae) (Barronio et al 2019). In view of the need for
standardized bioassays for conducting toxicity studies and in
the selection of new formulations of toxic bait for
A. fraterculus, this study aimed to develop a methodology
for the evaluation of toxic bait formulations on adults of
A. fraterculus, using as a toxicity model the ready-to-use
formulation Success™ 0.02CB.

Materials and Methods
Insects and bioassays

The insects for the bioassays (artificial diet with toxic bait
availability, exposure time of toxic bait, toxicity of toxic bait
as a function of age and period of food deprivation prior to
toxic bait exposure to adults of A. fraterculus) came from a
susceptible population of A. fraterculus, which was kept in the
laboratory in the artificial diet for 5 years, free of selection
pressure by insecticides, following the methodology proposed
by Machota-Jr et al (2010). However, for the bioassay (suscep-
tibility of A. fraterculus populations as a function of origin),
insects from three different sources of larval development
(treatments) were evaluated: (i) adults (1st generation) from
A. fraterculus larvae collected in the field from native fruits of
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red cattley guava (Psidium cattleyanum); (ii) adults (12th gen-
eration) from larvae reared on mango fruit (Mangifera indica)
as the substrate for larval development in the laboratory; and
(iii) adults (12th generation) from larvae rearing on the artificial
diet in the laboratory (Nunes et al 2013). All bioassays were
kept in air-conditioned rooms (temperature of 25 + 2°C, rela-
tive air humidity of 70 + 10%, and photophase of 12 h).

For the bioassays, adults of A. fraterculus were packed
inside plastic containers (12.0 cm diameter by 10.0 cm tall)
(300 mL), as proposed by Machota-Jr et al (2010). The toxic
bait used in the bioassays was Success™ 0.02CB (Dow
Agrosciences, Santo Amaro, Sdo Paulo, Brazil), and a ready-
to-use formulation was used as a standard for adult
A. fraterculus toxicity. The formulation was diluted in the
ratio of one-part commercial product to 1.5-part water,
resulting in a concentration of 80 mg L' of spinosad. The
bait was offered in the form of a 40-uL drop deposited on a
plastic plate (1cm?) of ethyl poly terephthalate (PET) with the
aid of graduated single-channel micropipette Gilson™ model
Pipetman (U76928A with 1 mL capacity). The bait was then
dried for 2 h at 25°C. After the withdrawal of the toxic bait,
the insects were fed an artificial diet composed of a mixture
of wheat germ, beer yeast, and brown sugar (3:1:1) supplied
in acrylic lids (2 cm diameter), and distilled water was pro-
vided in plastic caps (2 cm diameter) lined with hydrophilic
cotton (Machota-Jr et al 2010). The mortality of A. fraterculus
adults in all bioassays was evaluated at 1, 3, 6, 12, 24, 48, 72,
and 96 hours after exposure (HAE) of the toxic bait, and LT,
values were estimated. Adult mortality of A. fraterculus was
corrected by the formula of Abbott (1925). All bioassays were
conducted in a completely randomized manner with 17 rep-
licates per treatment, each replicate consisting of six
A. fraterculus adults (three couples) and repeated twice over
time, totaling 204 insects per bioassay.

Susceptibility of A. fraterculus populations as a function
of origin

Insects from three different sources of larval development
(treatments) were evaluated: (i) adults (1st generation) from
A. fraterculus larvae collected in the field from native fruits of
red cattley guava (Psidium cattleyanum); (ii) adults (12th gen-
eration) from larvae reared on mango fruit (Mangifera
indica) as the substrate for larval development in the labora-
tory; and (iii) adults (12th generation) from larvae raised on
the artificial diet in the laboratory (Nunes et al 2013). The
adults that emerged from the different development sub-
strates were maintained and reared in semitransparent plas-
tic cages (41 x 29.5 x 30 cm in length, width, and height,
respectively), with water supplied in polyurethane sponges
and an artificial diet, as proposed by Machota-Ir et al (2010).
For the bioassays, 5- to 8-day-old adult A. fraterculus of both
populations were packed inside plastic containers (12.0 cm
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diameter by 10.0 cm tall) (300 mL), and fed with a toxic bait
(Success™ 0.02CB, one drop of 40 pL) for a period of 2 h.
After this time, the toxic bait was removed, and the insects
fed with water and artificial diet until the end of the bioassay
(Machota-Jr et al 2010). The negative control adults of
A. fraterculus were fed only the artificial diet.

Toxicity of toxic bait on adults of A. fraterculus as a function
of age

The effect of adult age on A. fraterculus mortality from in-
gestion of the Success™ 0.02CB bait was evaluated using
insects at the age of 5, 15, and 30 days after emergence.
The insects were packed into plastic containers (300 mL),
and the toxic bait (Success™ 0.02CB, one drop of 40 L)
was provided for a 4-h period, as described above. After this
period, the toxic bait was removed and the insects were fed
artificial diet and water.

Artificial diet with toxic bait availability

Adults of A. fraterculus (5 to 8 days old), obtained from the
group maintained on the artificial diet, were placed inside
plastic containers (12.0 cm diameter by 10.0 cm tall) (300
mL). To verify the effects of the presence or absence of the
artificial diet on adults of A. fraterculus, during the period of
exposure to the toxic bait, the treatments (T) were formulat-
ed as follows: treatment 1 (T,) adults of A. fraterculus were
exposed only to toxic bait (Success™ 0.02CB, one drop of 40
pL) + distilled water as feed substrates; treatment 2 (T,)
adults of A. fraterculus were exposed to the toxic bait
Success™ 0.02CB (one drop of 40 uL) + distilled water +
artificial diet.

Exposure duration of A. fraterculus adults to toxic bait

Adult A. fraterculus (5 to 8 days old), obtained from the
group maintained in the artificial diet, were packed inside
plastic containers (12 cm diameter by 10 cm tall) (300 mL),
as previously described. The insects were exposed to toxic
bait Success™ 0.02CB (one drop of 40 pL), without the pres-
ence of artificial diet for1, 2, 4, and 8 h. After the determined
exposure periods, the toxic bait was withdrawn and artificial
diet was offered to the adults until the end of evaluation.

Period of food deprivation prior to toxic bait exposure

Adults of A. fraterculus (5 to 8 days old), obtained from the
group maintained in the artificial diet, were submitted to
periods of 0 (no deprivation), 12, and 24 h of food depriva-
tion. After this time, they were transferred to plastic cages
containing the Success® 0.02CB bait + distilled water + arti-
ficial diet. The toxic baits were provided for 4 h, as described

above. As a negative control (control treatment), the insects
received only artificial diet and water.

Data analysis

The determination of the consumption of the toxic baits was
carried out by weighing the blade in a precision scale
(Mettler Toledo, model MS204S/A01), and subtracting the
final mass (FM) from the initial mass (IM). The possible evap-
oration of the toxic bait was corrected by the evaporation of
the toxic bait—containing plates that were kept in the same
conditions for each experiment (negative control), but with-
out being offered to the insects. The data on mortality (%)
and consumption of toxic bait were submitted to studentized
residual analyses to confirm the assumption of normality
using the Shapiro-Wilk test with the PROC UNIVARIATE
(ANOVA) using the F test (P < 0.05) (PROC GLM, SAS
Institute 2011). Finding statistical significance, the averages
were compared by the Tukey test at a 5% level of significance
(P < 0.05). The resulting percentage data were submitted to
arcsine square root transformation, prior to analysis using
the SAS function ARSIN (SQRT[x]). After arcsine square root
transformation, the data met the assumption of normality
required for ANOVA tests and treatment differences were
determined using least-square means statements
(LSMEANS) at a P = 0.05 level of significance. For the evalu-
ation of the effect of each treatment on insect survival, sur-
vival curves and respective lethal times (LTs,) were deter-
mined through the Kaplan-Meier analysis, and comparing
the survival curves by the log-rank test through the program
SigmaPlot (v.12.5, Systat Software Inc., California, USA).

Results
Susceptibility of A. fraterculus populations to toxic bait

Insects on an artificial diet showed a higher susceptibility to
96-HAET (98% mortality), giving a lower LT, (LT, [95% CI] =
48.96 [46.96-50.86] h) relative to adults of A. fraterculus
from cattley guava fruit (mortality of 78%) (LT, [Cl 95%] =
53.83 [51.71-56.5] h) and mango fruit (88% mortality) (LT,
[Cl 95%] = 53.55 [51.41-55.59] h) (Table 1; Fig 1). However, no
significant differences were observed in the consumption of
toxic bait in relation to the origin of the insects (Table 1).

Influence of age on the toxicity of toxic bait to A. fraterculus

Adult 5 and 15-day-old A. fraterculus (92% mortality) present-
ed the same susceptibility as 30-day-old insects (100% mor-
tality) and 96 HAE (Table 1), a fact that was seen when the
survival curves were analyzed in relation to LT, values (LT,
ranging from 55.53 to 65.30 h) (Table 1; Fig 2). However, 15-
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Table 1

Percentage of mortality (% M), lethal time in hours (LT50), confidence interval (CI), and toxic bait consumption (mg) of Anastrepha

fraterculus adults in ingestion bioassay when submitted to the Success™ 0.02CB toxic bait formulation.

Bioassay 96 HAE LT, (Cl 95%) (h)* Toxic bait consumption (mg)*
% M'
Susceptibility of A. fraterculus population
Fruits of cattley guava 78.0%134a 53.83 (51.71-56.15) 7.01+2.07a
Fruits of mango 88.3+1.27b 53.55 (51.41-55.59) 6.79 +2.32a
Artificial diet 98.2+1.15¢C 48.91 (46.96-50.86) 8.12+2.77a
Influence of A. fraterculus age on toxicity of toxic bait
5 days old 92.6£1.24 a 65.30 (63.49-69.13) 530+ 0.20 a
15 days old 921+210a 59.01 (57.12—65.89) 4.74£150b
30 days old 100.0 b 55.53 (51.76—65.14) 5.75+0.80 a
Availability of artificial diet with toxic bait
Toxic bait + artificial diet 85.5+1.17a 64.64 (62.64-66.64) 211050b
Toxic bait 96.1+0.97b 57.42 (51.52-59.33) 2.9t090a
Exposure duration of A. fraterculus adults to toxic bait
1h 77.4*2.10a 55.98 (52.78-59.18) 6.22+1.76 b
2h 95.3+1.16 b 55.72 (52.83-58.61) 8.42+2.42a
4 h 98.2+2.02b 57.64 (55.46—59.83) 8.48+2.54 a
8h 98.4+1.65b 57.76 (55.59-59.94) 8.07+2.48a
Time of food diet deprivation
0-h deprivation 77.3t1.12a 56.77 (53.27-60.28) 214 +0.86 b
12-h deprivation 88.5+210b 50.19 (47.67-52.71) 2.96+0.72 a
24-h deprivation 90.2+1.76 b 46.48 (44.37-47.59) 2.96+013a

" Mortality calculated by the formula of Abbott (1925)
2T, = time required to kill 50% of a tested population

3 Estimated value through subtraction of the initial mass (IM) from the final mass (FM) in each blade. A separate ANOVA (Tukey’s test, P < 0.05) was
conducted for treatments within each column (means followed by the same letter in column are not significantly different)

day-old insects consumed less toxic bait (4.74 mg) (F = 3.86;
df = 2; P < 0.0001) compared with adults of 5 days (5.66 mg)

and 30 days (5.75 mg) (Table 1).
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Fig 1 Survival of Anastrepha fraterculus adults from larvae reared in
fruit of cattley guava (wild population), mango, and artificial diet
(laboratory population) and exposed to the toxic bait Success™
0.02CB, containing 80 mg L™ of spinosad in the laboratory. Arrows
indicate the lethal time (LT;,) of the Success™ 0.02CB toxic bait in

each parameter evaluated.
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Estimated survival (%)

Effect of availability of artificial diet

Based on the absence of the overlap of confidence interval,
adult A. fraterculus presented lower lethal time (LTso [Cl
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Fig 2 Survival of 5-, 15-, and 30-day-old Anastrepha fraterculus adults
exposed to the toxic bait Success™ 0.02CB, containing 80 mg L™ of
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95%] = 64.64 [62.64—66.64] h) when they were offered feed-
ing + artificial diet, causing a mortality of 85% of the insects at
96 HAE. However, when the insects received only toxic bait
(LTso [Cl 95%] = 57.42 [51.52-59.33] h), they had 96% mor-
tality up to 96 HAE (Table 1; Fig 3). Adult A. fraterculus con-
sumed less toxic bait (2.1 mg) (t = 3.58, df = 37, P < 0.001)
when artificial diet was provided with water + Success ™
0.02CB formulation, compared with insects that received
only the toxic bait (2.9 mg) (Table 1).

Exposure duration of A. fraterculus adults to toxic bait

Although adults of A. fraterculus showed significantly lower
mortality when exposed to 1 h of toxic bait (77% mortality up
to 96 HAE), compared with 2-h (95% mortality) and 4 and 8-h
exposure (98% of mortality), there was no difference in re-
lation to LTg, (LT, ranging from 55.72 to 57.76 h) (Table 1; Fig
4). However, insects that were exposed for1 h consumed less
toxic bait (6.22 mg) (F = 8.97; df = 3; P < 0.001) than insects
that were fed for 2 h (8.42 mg), 4 h (8.48 mg), and 8 h (8.07
mg) (Table 1).

Period of food deprivation before exposure of A. fraterculus
to toxic bait

Adult A. fraterculus maintained without food depriva-
tion were less susceptible to toxic bait (77% mortality
at 96 HAE) than insects that were maintained for 12 h
(88% mortality) and 24 h (90% mortality) with food
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Fig 3 Survival of Anastrepha fraterculus adults after exposure to the
toxic bait Success™ 0.02CB, containing 80 mg L™ of spinosad alone or
with artificial diet in the laboratory. Arrows indicate the lethal time
(LTso) of the Success™ 0.02CB toxic bait in each parameter evaluated.
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Fig 4 Survival of Anastrepha fraterculus adults after exposure to the
toxic bait Success™ 0.02CB, containing 80 mg L™ of spinosad offered for
1,2, 4,and 8 h in the laboratory. Arrows indicate the lethal time (LTs,) of
the Success™ 0.02CB toxic bait in each parameter evaluated.

deprivation (Table 1). However, adults with 24 h of
food deprivation had the lowest values of LTy, (LTso
[Cl 95%] = 46.48 [44.37-47.59] h) (Table 1; Fig 5),
compared with insects kept for 12 h with food depri-
vation (LTso, [95% Cl] = 50.19 [47.67-52.71] h) and no
food deprivation (0 h) (LT, [95% CI] = 56.77 [53.77—
60.28] h) (Table 1; Fig 5). However, adults without food
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Fig 5 Survival of Anastrepha fraterculus adults submitted to o0-h, 12-h,
and 24-h deprivation periods and exposed to the toxic bait Success™
0.02CB, containing 80 mg L™ of spinosad in the laboratory. Arrows
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deprivation consumed less toxic bait (2.14 mg) (F =
12.82; df = 2; P < 0.0001) than insects that were kept
in food deprivation for 12 and 24 h (2.96 mg) (Table 1).

Discussion

Defining an appropriate methodology to evaluate the effi-
ciency of toxic bait for fruit fly management is of paramount
importance in the design of management strategies (Gazit
et al. 2013, Paramasivam & Selvi 2017, Baronio et al 2019).
The variability of bait efficiency mainly stems from the avail-
ability of different food attractants for toxic bait formulations
(Botton et al 2016; Raga & Galdino 2018). According to
Robertson et al (2007), the lack of experimental standardi-
zation in the evaluation of toxicity bioassays of arthropod
pests can lead to questions about the efficiency of a given
product and the replicability of the bioassays.

In the present study, the ready-to-use toxic bait Success™
0.02CB was used to define the bioassay methodology using
A. fraterculus. This is a trademarked and commercially stan-
dardized formulation for the management of A. fraterculus
and C. capitata in several crops in Brazil. In addition, it pre-
sents high toxicity to adults of different fruit fly species (Gazit
et al 2013, Harter et al. 2015, Baronio et al. 2019).

Adult A. fraterculus, from larvae reared in the laboratory
on an artificial diet (for 12 generations), were more suscepti-
ble to the same quantity (mg) of bait compared with adults
from larvae collected in the field or from larvae raised in the
laboratory but fed mango fruit. In view of these results, it is
evidenced that the origin of the population directly influ-
ences the toxicity of the toxic bait, as observed for
C. capitata (Baronio et al. 2019).

The lower susceptibility of A. fraterculus (1st generation)
adults from field insects compared with adults from larvae
reared on an artificial diet may be associated with a greater
activation of detoxifying enzymes induced by allelochemicals
present in the larval stage food source (Van Den Bosch &
Welte 2016). The larval development of A. fraterculus in
cattley guava or mango fruit may have triggered an increase
in the amount of detoxifying symbioses that help protect the
body against toxic substances (Prokopy et al 1993; Van Den
Bosch & Welte 2016). In addition, the field population may
undergo changes in the allelic frequency of insecticide resis-
tance genes for spinosad, a toxin present in the Success™
0.02CB formulation. Although there are no reported cases
of A. fraterculus resistance to insecticides in Brazil (Raga et al
2018), the high selection pressure caused by spinosyn-based
chemical application over a wide area during the harvest can
promote changes in genetic variability and in the insect’s
response to the toxic bait (Raga & Galdino 2018).

The supply of a food source (artificial diet) concomitantly
with the toxic bait prolonged the survival period of the insects,
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providing a higher value of LT, This fact may be associated
with the lower consumption of toxic bait by adults of
A. fraterculus. As the efficiency of the toxic bait depends on
the amount of active ingredient ingested, the greater the
amount of bait ingested, the greater the possibility of intoxica-
tion by the lethal agent and, consequently, the faster the insect
mortality (Medina et al 2007; Gazit et al 2013). Moreover, the
availability of an alternative food source (artificial diet), along
with exposure to the Success™ 0.02CB formulation for 4 h,
enabled A. fraterculus adults to choose which food source to
ingest. This may have resulted in an underestimation of the
actual lethal dose of the ingested toxic bait, especially when
the lethal agent does not show fast action (knock-down ef-
fects), such as spinosad (Gazit et al 2013; Raga & Galdino 2018).

The implementation of a period of food deprivation (12 and
24 h) of A. fraterculus adults, prior to the beginning of the
bioassays, induced the insects to search for the food source
when it was offered, leading to a greater consumption of toxic
bait. This type of behavior is explained by the “compensation
reaction” caused by the time in which the insects remained
without food (Manrakhan & Lux 2008; Yee & Alston 2016).
The higher consumption of toxic bait during the same bait
exposure period (4 h), for food-deprived insects, promoted a
greater ingestion of the toxin present in the formulation,
which resulted in greater toxicity to the insects and lower
values of LT,. However, it should be noted that periods of
prolonged deprivation (above 24 h) showed an increase in
adult mortality (data not reported) in the present study.

Several studies have demonstrated that insects, especially
A. fraterculus adults with an age range of 5 to 8 days after
emergence, need to ingest nutrients to maintain energy re-
serves, and to fuel copulation and maturation of the repro-
ductive system (Kapsi et al 2002, Raga & Sato 2018). This was
evidenced in the present study when adults of A. fraterculus of
different ages (5, 15, and 30 days after emergence) were test-
ed. In the case of A. fraterculus, the highest food intake oc-
curred at 5 and 30 days after emergence (DAE); this may be
related to the need for an increased intake of protein for the
development of the ovaries during the initial phase (5 days)
and to prepare for copulation and oviposition (Rull & Prokopy
2000): the pre-oviposition period of A. fraterculus occurs at
approximately 12 days of age (Zart et al 2010). However, the
intake of higher amounts of protein by insects at 30 DAE is
related to the physiological and natural behavior of the species
in prolonging the life cycle, which allows for an increase in the
period in which adults can remain in the field to infest fruit
(Kouloussis et al 2017).

According to the results, the origin of the population, the
form and time of toxic bait supply, the period of food depri-
vation, and the age of insects directly influence on insect mor-
tality in toxicological tests in the laboratory. For A. fraterculus,
the use of 5-day-old insects, deprived of food for 12 or 24 h,
and exposed to the toxic bait for 4 h is suitable for the
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development and validation of laboratory bioassays for toxic
bait. Although insects grown on natural fruit should preferably
be used in toxicological tests because they resemble wild in-
sects, our research group recommends using laboratory-
reared insects, as wild field populations may suffer from
changes in the allelic frequency of genes associated with re-
sistance and not show the same toxicological response to toxic
bait.
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